Aims or Purpose To evaluate short-term changes in optic nerve head topography and visual field induced by surgical reduction of intraocular pressure. Methods A prospective study was performed on 56 eyes of 56 patients with uncontrolled primary open-angle glaucoma despite maximum medical therapy, which underwent trabeculectomy. Optic nerve head evaluations by means of Heidelberg Retina Tomograph, and visual field tests were performed pre-operatively, and at 3 and 6 months after surgery. Differences in intraocular pressure, visual field indices, and Heidelberg Retina Tomograph parameters were evaluated with the t-test for paired data. A linear regression model was calculated to analyze the relationship between intraocular pressure reduction and visual field changes, and optic nerve head changes. Results Mean intraocular pressure decreased from 24.4 ± 5.0 mm Hg to 12.1 ± 3.1 mm Hg (month 3, Po0.001), and 10.6±2.8 mm Hg (month 6, Po0.001) after trabeculectomy. Mean retinal nerve fiber layer thickness (baseline, 0.19±0.034; month 3, 0.24 ± 0.039, P ¼ 0.05; month 6, 0.21 ± 0.037, P ¼ 0.05) showed a statistical significant change compared with baseline values. Conclusions In this 6-months study, a significant increase in retinal nerve fiber layer thickness was detected after glaucoma filtration surgery.
Introduction
Primary open-angle glaucoma (POAG) is a slowly progressive disease characterized by degeneration of retinal ganglion cells with loss of the retinal nerve fiber layer (RNFL) and thinning of the neuroretinal rim. Clinical and instrumental examination of RNFL and of the optic nerve head (ONH) is a key component in establishing the diagnosis and monitoring the course of the disease, as well as the functional evaluation by means of visual field (VF) testing.
A standard surgical approach for glaucoma is trabeculectomy, a filtering procedure which induces a sudden intraocular pressure (IOP) reduction and is effective in reducing glaucoma progression. 1 Partial regression of glaucomatous damage to RNFL after IOP reduction following glaucoma surgery has been documented in congenital and infantile glaucoma. 2, 3 In adult POAG, some reports have shown a nonsignificant change in retinal thickness after IOP reduction. 4, 5 Reports about the ONH have demonstrated a significant change of some parameters and reversal of cupping. [6] [7] [8] Structure and function relationship after trabeculectomy have just been previously studied. Some reports have suggested that improvement in disk appearance would correspond to improvement of visual function, 9 ,10 other authors have not shown any significant change of visual field after trabeculectomy. 11 Due to controversy on short-term results of functional and morphological data after trabeculectomy, we decided to conduct a shortterm prospective study to evaluate the changes in neural topography and function after glaucoma filtration surgery in adults with POAG, and investigated the relationship between IOP reduction and functional and anatomical changes.
Materials and methods

Patients
Subjects enrolled in the study were 67 consecutive POAG requiring trabeculectomy at Pisa University (Italy) from September 2007 to May 2008. All patients signed an informed consent, and the design of the study adhered to the tenets of the Declaration of Helsinki.
Inclusion criteria were perimetric POAG, pre-operative uncontrolled IOP (mean office-hour IOP 420% compared with target pressure) despite maximumtolerated medical therapy, best visual acuity equal or above to 20/100, IOP reduction after trabeculectomy higher than 25% compared with baseline, post-operative IOP higher than 5 mm Hg, and ability to return in the 6 months following surgery for scheduled visits.
Exclusion criteria were: allergy to medication used during and after surgery, previous intraocular surgery (except cataract surgery at least 180 days before inclusion), significant co-morbid disease that could interfere with the follow-up and reassessment of the bleb.
Study procedures
Visits were performed 4 weeks before surgery ( ± 3 weeks), and at 3 months ( ± 2 weeks) and 6 months ( ± 3 weeks) after surgery, and included: full ophthalmological examination, IOP measurement with Goldmann applanation tonometry, visual field (VF) tests, and imaging of the ONH with the Heidelberg Retina Tomograph Version II (Heidelberg Engineering, Dossenheim, Germany).
The IOP value was the mean of three measurements performed in each eye at the same hour of the day (at 8.00 am, with an interval of ± 30 min).
Standard Automated Perimetry (SAP) tests were performed using a Humphrey Field analyzer, model HFA II-750 (Zeiss Humphrey Systems, Dublin, CA, USA), with the Swedish Interactive Threshold Algorithm (SITA) Standard 30-2 strategy. All patients were experienced with SAP, and therefore it was not necessary to rule out learning effect. Abnormal SAP results were considered to be a reproducible glaucomatous VF loss in the absence of any other abnormalities to explain the defect. Mean VF defects were classified with Glaucoma Staging System (GSS) 12 within stage 4. The pre-operative and 3-months and 6-months post-operative mean deviation (MD) and pattern standard deviation (PSD) indexes were used for the analysis. During the study, the test was repeated if fixation losses were greater than 15% and false positive or false negative rates were greater than 20%.
Analysis of the optic disk was performed using HRT II, which provides topographic measurements of the ONH with a 151 field of view. The margin of the optic disks was manually traced by the same glaucoma specialist (MF), who was masked to the patients' identity and clinical history, defining the inner edge of the Elschnig's ring with at least a five-point contour line. In order to maintain a quality control over the images used in the analysis, mean topography images had to satisfy two criteria: mean topography standard deviation less than 40 mm 13 and a refractive error change (or change in focus setting) less than two diopters within the three retests. 14 The following global stereometric parameters were evaluated: mean retinal nerve fiber layer thickness, rim area, rim volume, cup area, cup volume, cup/disk area ratio, maximum cup depth.
Statistical issues
Formal sample size was calculated in order to assess the change in RNFL (which was considered as the primary outcome of our study) between the pre-and postinterventional periods, if one existed. We assumed as clinically relevant the changes occurring between moderate and severe glaucoma cases, 15 and we therefore estimated D (the difference between post-and preinterventional RNFL) at 20 microns and s at 40 microns (20) . The following formula for continuous, paired data were used:
Using a ¼ 0.05 and b ¼ 0.90, this formula would enumerate 50 patients. In order to reduce the possibility of II-type error, we set b at 0.95, and we therefore calculated our sample size to 55 patients. All statistical analyses were calculated using SPSS (version 15.0; SPSS Inc., Chicago, IL, USA) statistical software. First, the Kolmogorov-Smirnov test was applied to check that the data were normally distributed. The t-test for paired data was used to compare the variables before and after surgery. Linear regression analysis was used to determine the relationship between IOP reduction and VF changes, between IOP reduction and ONH modifications, and between VF changes and ONH modifications.
Results
In all, 67 patients were enrolled in the study, but eight patients were excluded because surgical IOP reduction was less than 25% and three patients were excluded because mean topography standard deviation was higher than 40 mm. Statistical analyses were therefore performed on 56 eyes. The clinical characteristics of the study Short-term changes after trabeculectomy M Figus et al population are described in Table 1 . None of the participants had any surgical complication or macular or disk edema. Sutures were released in 39 eyes (69.6%) 13 ± 3 days after surgery; 17 patients (30.4%) required needling of the bleb within 3±1 weeks from surgery; 14 patients (25%) needed topical therapy to achieve target IOP. Pre-surgery visual acuity was 20/40 or better in 49 patients (87.5%) and worse than 20/40 in seven patients (12.5%). Post-surgery visual acuity was 20/40 or better in 53 patients (94.6%) and worse than 20/40 in three patients (5.4%).
IOP decreased from 24.4±5.0 mm Hg pre-operatively to 12.1±3.1 mm Hg (Po0.001) and 10.6±2.8 mm Hg (Po0.001), respectively, at 3 and 6 months after trabeculectomy; this corresponded to a reduction of 48 ± 18% at 3 months and of 54 ± 20% at 6 months ( Table 2) .
The average pre-operative MD and PSD were À14.05 ± 3.37 and 8.58 ± 1.79 dB, respectively, ( Table 1) . At 3 and 6 months, respectively, MD decreased to À13.35±3.26 and À13.58±3.54 dB (P ¼ 0.06 and P ¼ 0.06), and PSD increased to 9.20 ± 1.86 and 8.97 ± 1.52 dB (P ¼ 0.08 and P ¼ 0.06) ( Table 2) .
Mean RNFL thickness showed statistically significant changes (Figures 1a and b) : the thickness increased by 0.05 mm out of 0.19±0.034 mm baseline at 3 months (P ¼ 0.05), and 0.03 mm at 6 months (P ¼ 0.05). The mean value of RNFL in normal elderly patients is 0.23 ± 0.07 mm, 16 even if in the printout of the HRT II the normal range of RNFL is 0.20-0.32 mm. No statistically significant changes were found for rim area, rim volume, maximum cup depth, cup area, cup volume, and cup/ disk area ratio (P40.05) ( Table 2) .
Changes in RNFL had a significant association with changes in IOP 3 months after surgery (P ¼ 0.05); the correlation between the two variables was negligible (r 2 ¼ 0.01201). This association was statistically significant also at month 6 (P ¼ 0.05).
Changes 
Discussion
This study aimed at investigating the short-term morphological and functional effects of surgical IOP reduction in glaucoma. Using HRT and SAP, we showed that statistically significant changes in RNFL occurred 3 and 6 months after glaucoma filtering surgery, whereas Values are expressed as mean±standard deviation.
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borderline ONH changes and negligible functional changes were found. The lack of an absolute structure-function correlation may be due to the different levels of measurement noise displayed by the devices used to detect change, and it has been suggested that structural and functional methods can be considered as independent indicators of glaucoma damage. 8, 17, 18 Scanty literature is available on the association of functional and morphological changes after surgical IOP decrease. Only recently a paper with long-term data has been published, showing that one third of eyes continued to have progression of glaucoma at 5 years after trabeculectomy. 8 The authors suggest that the degree of IOP reduction after trabeculectomy may have an important role in the progression of glaucoma. Other authors found a small change of few microns of RNFL thickness 4 or in MD 5 after medical or surgical IOP reduction, even if the efficacy of the treatments was similar to our results.
Some authors described that a decrease of ONH cupping may occur due to an anterior movement of the lamina cribrosa. They postulated that when IOP was reduced after glaucoma filtering surgery, anterior repositioning of posteriorly displaced lamina cribrosa and simultaneous reformation of neuroretinal tissue would occur. 19, 20 Cup shape is a description of the distribution of depth values. Cups with gradually sloping borders tend to have more negative values, and cups with steep sloping walls tend to have less negative or even positive values. Thus, a change of the cup shape toward a more negative value represents an optic disk improvement. In our series, the cup shape parameter became more negative than pre-operative cup shape, but the change was not significant. Another explanation could be ONH and peripapillary swelling due to the sudden post-operative IOP reduction. 11 However, ONH changes are usually short-lived and one would not expect them to be present at 3 and 6 months.
On the basis of our results, we raise the hypothesis that the increase of RNFL thickness may reflect the recovery of the compressed RNFL, which would regain its original shape thanks to IOP reduction. As compression on the axons is relieved by IOP reduction, the axons may recover their normal shape and size, with resultant increase in RNFL thickness without changes in ONH parameters. These findings could be explained by the fact that the RNFL is a more direct measure of the integrity of retinal ganglion cells, in contrast to the neuroretinal rim, which is composed of nerve fiber bundles, glial cells, and connective tissues 21 and could explain the presence of a statistically significant change for RNFL but not for ONH in our series. However, data interpretation deserves high caution because they could be also explained by physics rules. In fact, hydrostatic pressure and the normal osmotic pressure are interchangeable. Given a certain amount of colloids in the cytoplasm, it would be natural for cells to become larger when confined in a chamber of lower pressure than before, and may not say anything about the impending malfunction or death of the axon and ganglion cell.
Despite relevant inter-patients variations (Table 2) , a change of 0.9 mm and 0.4 mm of thickening of the mean RNFL for each 1-mm Hg decrease of the IOP would occur at 3 and 6 months after filtration surgery. These findings are comparable with other studies in which the changes in RNFL height were shown by linear regression model to be pressure dependent. 6, 10 In particular, segmental analysis showed a significant change in rim volume in the nasal, inferonasal, superonasal, and superotemporal sectors. 7 These authors have suggested that the improvement is limited to the nasal hemidisc and the adjacent RNFL because this area tends to be least affected by the disease, so nerve fiber bundle compression is not as long-standing as that within the temporal hemidisc. In our study, we analyzed only global ONH data and there may have been regional differences in optic disk topography that were ignored. Furthermore, our results may have been influenced by the fact that the sensitivity of HRT global indices to detect subtle ONH changes is probably minor than sectorial analysis. Additionally, even if we showed that RNFL change was associated with IOP change, the most relevant finding was the marked spread of data, highlighting a very high inter-patients variability as shown by scattergrams in Figures 1a and b .
Another potential limiting factor of our study could be represented by the wide field of HRT images. Although smaller fields may enable the detection of subtle changes, it should be noted that other authors were able to detect statistically significant changes with 151-field images. 6 Our results confirm a previous finding by our group, which on different settings showed no significant changes in short-term perimetric variability after trabeculectomy. 22 Still, the use of a small number of VF tests per patient may limit our results, as larger series of tests are usually necessary to discriminate true change from fluctuation. Very recently, we also showed that long-term fluctuation depends on the GSS stage. 23 In order to protect our study from this potential problem, we chose a homogeneous sample of patients having GSS ¼ 4. On the other hand, this could be a potential limiting factor because the relationship between morphological and functional changes induced by trabeculectomy might have different patterns at varying stages of the disease. Probably, these findings may not be It might also be possible that different results would have been obtained if other perimetries, which are supposed to be more sensitive to subtle changes in subtypes of ganglion cells, 24 had been used. In this study, we considered RNFL change as the primary outcome because this parameter has the strongest structure-function association and high sensitivity for glaucoma detection; therefore, it may provide a better surrogate measure to monitor glaucoma progression and recovery after a marked IOP reduction compared with the neuroretinal rim. Besides, RNFL attained a higher value in the change of visual sensitivity with respect to different levels of structural damage compared with neuroretinal rim measures. 21 The availability of the elements for a correct sample size calculation was limited by the lack of homogenous data on the effect of sudden IOP reduction on RNFL. We assumed that a change of mean RNFL thickness, as occurring between middle and advanced glaucoma, could be clinically significant. 15 Some works have reported lower standard deviations for RNFL thickness, 25, 26 but we decided to use the largest that had been reported. 15 Also, in order to prevent the possibility of negative results due to approximate sample size calculation, we set to 5% both type I and II statistical errors. With this premises, the main outcome of the study was statistically significant and comparable to other reports. 14, 25 As the study might be potentially overpowered, we considered as negative the borderline P-values for the secondary outcomes. As a consequence, caution in data interpretation and verification of our results by other studies seems advisable.
Finally, because of the short follow-up period and contrasting literature, studies with longer follow-up could be more useful to investigate the long-term effects of trabeculectomy on ONH and VF. 8 Our results showed a short-term improvement in global RNFL thickness after trabeculectomy. However, no definitive functional conclusions can be reached from these anatomical changes upon lowering IOP. In fact, even if changes were small and, at least in some cases, probably negligible from a clinical perspective, the direction of morphological changes was quite univocal for both RNFL and ONH. In several cases, borderline P-values of 0.06 were obtained, but these changes may be worthy of note, as the cut-off of P-value of 0.05 is arbitrary. In conclusion, some corresponding changes are suggestive, small enough that they could not be secured by the usual statistical criterion, but close enough that they can't be ignored and declared absent either.
